shows ⌬pH utilization experiments in which ple-illuminating actinic light source or by titration with 9-AA fluorescence intensity was used to determine the the electroneutral protonophore nigericin under high steady state ⌬pH before and after substrate addition. light intensity. Fluorograms from representative experiIn these experiments, a partial reduction of the ⌬pH is ments revealed that the rate of protein transport for both indicated by a decrease in the quenching of the steadysubstrates, as determined by the amount of maturestate 9-AA fluorescence signal following protein injecsized protease-protected protein, dropped systematition. As a proof of concept experiment, Figure 4B shows cally as the light intensity was reduced or as the nigericin the ⌬pH reduction caused by the onset of ATP synthesis, concentration was increased ( Figure 1B ). For each meaa ⌬ Hϩ -consuming reaction. Following iOE17 addition, surement, protein transport was quantified and the corsteady-state ⌬pH reduction occurred in a substrate conresponding steady-state ⌬pH was calculated from the centration-dependent manner, up to 800 nM iOE17 (Figobserved 9 -AA fluorescence quenching. For graphical ure 2B). The rate of protein transport similarly increased analysis, both light and protonophore titrations were over this range of substrate concentration (Figure 2A ). combined into a common data set for a given substrate, and a limiting ⌬pH value was determined by the point at which a linear regression of the data points interTotal ⌬pH Utilization by the cpTat Pathway Occurs with Two Components, One Specifically sected the abscissa of the graph ( Figure 1C ). This analysis revealed substrate-specific thermodynamic barriers
Coupled to Transport
The presence of cpTat substrate caused ⌬pH reduction below which there was insufficient energy in the gradient to effect protein transport and above which the transport in a dosage-dependent manner (Figure 2 ). However, it was important to show that this response was in fact rate was a linear function of the ⌬pH. For pOE17 and pOE23, these threshold values were 0.84 and 1.97 pH coupled to protein transport, and not, for example, simply due to a proton leak caused by nonspecific proteinunits, respectively. Assuming a steady-state electric potential difference (⌬) contribution to the driving force membrane interactions. This was accomplished by per- Figure 3C . By this analysis, iOE17 variants (KK, QQ, and QQI18S) defined a statistically indistin-2000), and the hydrophobic h region residue at the ϩ3 position relative to the RR (Brink et al., 1998). In the guishable group, with ⌬pH reductions significantly less than that of the WT group and significantly higher than present study, a series of maize iOE17 variant constructs was created with amino acid substitutions of the RR that of the Mat group. Notably, the addition of equal concentrations of bovine serum albumin, a completely motif to positively charged (KK) or polar, uncharged (QQ) residues, substitution of the hydrophobic I18 to a polar unrelated protein, caused no measurable change in the steady state ⌬pH (data not shown). uncharged S residue (I18S), and complete removal of the transit peptide (Mat) ( Figure 3A) .
These results suggest that the total energetic cost associated with cpTat protein transport might be divisi⌬pH utilization assays using iOE17 variant constructs including transport competent protein (WT), transportble into two approximately equal components ( Figure  3C ). One part of the H ϩ gradient consumption, reflected incompetent protein (KK, QQ, QQI18S, and Mat), or protein buffer only (control), are shown in Figure 3B . For in the difference between wild-type and nontransportable substrates, is specifically associated with quantitative analysis, the pre-and postinjection ⌬pH values for each reaction were calculated, and the postintransport, perhaps involved in driving machinery turnover. A second part of the overall energetic cost occurs jection reduction in ⌬pH associated with each construct irrespective of substrate transport competence and may be due to membrane leak caused by nonspecific protein-membrane interactions. However, we have obtained evidence that iOE17 substrates with mutant signal peptides may interact with the Tat machinery in a manner that stimulates transport efficiency of wild-type substrate (N.N. Alder and S.M. Theg, submitted). Therefore, the additional proton efflux that is not coupled to transport may reflect nonproductive engagement of the transport machinery at another ⌬pH-consuming step upstream of the transport step (see also below). In any case, the comparison of ⌬pH reduction between transport-competent and transport-incompetent substrates clearly demonstrates that part of the proton gradient utilization measured is directly coupled to protein translocation. Moreover, data from Figures 2 and 3 show that H ϩ counterflux from the lumen to the stroma is involved in the operation of the cpTat system, as in a H ϩ /protein antiporter mechanism.
Determination of the Proton to Protein Coupling Stoichiometry (n H؉ )
Having established that Tat protein transport directly consumes protons from the transmembrane gradient, we sought to determine the actual coupling parameter, n Hϩ . This value cannot be extracted from potential (force) The empirical relationship between ⌬pH changes (measured with 9-AA) and time-dependent proton flux rates (measured with phenol red, see Experimental Procedures) was determined in an effort to indirectly estimate tion concentrations were chosen such that the ⌬pH utilization by ATP synthesis was equivalent to that seen n Hϩ from ⌬pH utilization data. Figure 4A shows the relationship between steady-state ⌬pH and J Hϩ measurewith iOE17 WT injection: a ⌬pH reduction of 0.063 pH units (ATP synthesis, Figure 4B ) compared with 0.069 ments made during light titration experiments. These data were collected under identical conditions to those pH units (iOE17 WT transport, Figure 3C ). In a separate assay under the same conditions, the associated H In the previous assay, we monitored the effect of protein transport on thylakoid energy transduction parameters. We reasoned that we could also extract n Hϩ from an inverse experiment in which we establish conditions whereby photophosphorylation and protein transport compete for the same transmembrane pH gradient and use this competitive relationship to calculate n Hϩ . In this Two parameters going into the calculation of the thylais unlikely that this part of the total in vitro ⌬pH cost is simply due to membrane leakiness from nonspecific koid energetics, namely the thylakoid lumenal volume (for calculation of the ⌬pH from 9-AA quenching data) protein-membrane interactions. Given that the Tat photosynthetic control (see Experimental Theory and Design), quantified the iOE17WT-dependent increase in It must be stressed that these considerations, namely the unknowns regarding the 9-AA technique and the ⌬, J Hϩ under saturating light. Given the partial ⌬pH drain by nontransportable intermediates (Figure 3C ), an inpotentially influence the absolute calculated ⌬pH and ⌬ Hϩ , but they do not affect the relative differences crease in J Hϩ by the iOE17KK and mOE17 constructs may also have been expected. However, this assay is in threshold values reported herein. Accordingly, the substrate specific differences in energetic barriers are subject to a lower signal to noise ratio than that of the experiments of Figure 3 , and consequently, increases not confounded by these estimates. Further, while a value for the threshold ⌬ Hϩ calculated from our 9-AA in J Hϩ below those caused by iOE17WT may fall below the resolution limit of this experiment. In the second experiments goes into the calculation of the total ⌬G of protein transport (see below), an overestimation or direct measurement of n Hϩ (Figure 6 ), the converse experimental approach was used. Instead of saturating underestimation of the threshold ⌬pH would introduce only a relatively small proportional error in the final numthe system with substrate and measuring the response in energetic flux, the partition of a constant ⌬ Hϩ beber calculated.
In the next phase of this analysis, we obtained evitween driving protein transport and ATP synthesis was varied by addition of CF 0 /CF 1 substrates, and the effect dence that cpTat-mediated protein transport directly consumes the H ϩ gradient (Figures 2 and 3) . After overon protein transport rate was measured. It may be argued that assays for measuring n Hϩ , which rely on satuexpression of the translocation machinery, a similar utilization of the pmf could be observed with the bacterial rating substrate concentrations (Figures 4 and 5 
